Abstract
Introduction
Supply chain is a network of business entities or firms through which materials are transformed into product and service for the end customer. Efficient and effective information flow along the supply chain is essential in order to improve its competitiveness in global market (Simchi -levi) . One way to improve information flow is by sharing information among the business entities. It has been shown that information sharing can enhance supply chain performance under some conditions (e.g. Lee et al., 1997, Zhao and Xie, 2002) .
Basically there are two streams of methodology for investigat ing impacts of sharing information in supply chain: analytical and simulation. Analytical approach utilizes mathematical theory to study the behavior of the model (e.g. Lee et al., 2000) . In simulation approach, various scenarios are tested in the simulation model which represents the dynamical relationships between each firm in order to understand the model's behavior. By using analytical approach, one can derive an optimal solution to the supply chain problem. The results can be generalized to certain extent. However analytical approach is restricted to simplified supply chain model (e.g. two entities) and, usually, under many assumptions to ensure that the problem becomes tractable. On the other hand, simulation approach allows researcher to study a more complicated supply chain model. Although the optimal results cannot be generated, interaction between parameters, which is sometimes more valuable to management, can be obtained from the simulation model.
In this paper impacts of sharing information are investigated through simulation study. Multiagent concept is incorporated in the simulation model. In Section 2 we discuss the conceptual and implementation model of the multi-agent supply chain system. In Section 3 a case study of a distribution supply chain is presented in order to illustrate the proposed model. Finally some future works are discussed in Section 5.
Multi-agent modeling
Multi-agent approach has become popular in modeling supply chain in various contexts. Parunak et al. (1999) used multi-agent system (MAS) to study demand amplification of supply chain . Some interesting behaviors, which had not been discovered by analytical approach, were noted. Kimbrough et al. (2001) employed MAS to address the Beer Game problem (see Sterman, 1989) . They showed that software agents outperformed human decision makers in the game. Gjerdrum et al. (2001) embedded an optimization package in the agent to enhance performance of the supply chain. Swaminathan et al.(1998) developed an agent-based simulation model for studying supply chain dynamics. Garcia-Flores et al. (2000) applied MAS to model a supply chain in process industry. Fox et al. (2000) illustrated how multi-agent approach is used to model assembly process in a manufacturing supply chain. Sikora and Shaw (1998) presented an analytical formalism for modeling multi-agent system. Their work was validated by using a PCB manufacturing system. It was shown that multiagent modeling is a valid and effective approach to study dynamic system (e.g. supply chain).
The above researches support that multi-agent modeling is a proven approach to investigate many complicated supply chain problems. MAS is flexible to model different levels of the supply chain. In addition to "inter -agent" level (supply chain) of the model, "intra-agent" level, which represents internal structure of an agent, can also be modeled together with other high level models. This improves the modeling accuracy of real supply chain. Another advantage of using MAS is that information of each firm needs not be disclosed to other firms in the supply chain during the simulation study. As the information of each firm is encapsulated in the agent, it is hidden to other agents or firms in the supply chain. The third merit of MAS is that each agent can be deployed as a real-time decision support software to its corresponding firm. Once the optimal business rules and related information are determined and configured in the agent through simulation study, the agent can be used to assist the manager to make operational decision in real situation. These three characteristics lend MAS itself a promising tool of modeling a supply chain. In this research, MAS is adopted for investigating impacts of information sharing and its interaction between different production information (Lau et al., 2002) . There are basically six types of agents in our model: consumer, retailer, distributor, manufacturer, supplier and transport agent. The relationships between these agents are represented in Figure 1 . Consumer's demand is fulfilled by the stock of retailer. Retailer orders from distributor according to its ordering policy. The distributor replenishes its inventory from manufacturer who produces the product based on material purchased from supplier. Logistic provider is responsible for transportation between agents. Finally, supplier delivers material to manufacturer. Figure 2 shows the dynamics between the agents. Since operation of manufacturer is more complicated, an intra-agent level is modeled for the manufacturer in order to improve the modeling accuracy compared with the real supply chain. The manufacturer consists of 4 types of agents: planning, production, material and shipping. Planning agent receives order from distributors and performs production planning. Material agent is responsible for maintaining adequate supply of material. Production agent produces the finished goods according to the production plan. Shipper agent delivers the product to distributor when order due date is met. The coordinated production planning process modeled in this paper is shown in Figure 3 . In this paper blackboard architecture is adopted to implement the multi-agent simulation system. Blackboard concept has been employed in MAS literatures extensively (e.g. Ito and Salleh (2000), Hildum et al. (1997) , Sadeh et al. (1997) ). The basic function of blackboard is to act as a centralized place to manage the messages between agents. When an agent (sending agent) wants to send a message to another agent (receiving agent), the message is first posted on the blackboard. The blackboard dispatches the message to the receiving agent. The dispatching process should respect the logical constraints so that the validity of events is maintained. Figure 4 shows the components of the simulation model. The blackboard is implemented in a simulation agent which controls the simulation process. Statistics agent requests local states and dynamic performance of each supply chain agent in each time period during simulation. T he collected information is used to calculate the dynamic performance of the whole supply chain. In order deploy the simulation system in supply chain, a web-based system is developed which allows different firms in a supply chain to jointly participate in the simulation study (Lau et al., 2002) . The web-based system can be regarded as a simulation portal which offers various facilities for firms to configure the dynamic performance of supply chain. The key components of the portal are presented in Figure 5 . A brief description of each component is as follows:
• User interface: It allows user to interact with the system through web browser.
• Configuration management: It changes the configuration of agent according to user's command.
• Database: It stores data for the whole simulation portal.
• Simulation component: This is presented in Figure 4 .
• Analysis component: It is used to perform statistical analysis like ANOVA based on the results from simulation.
Case Study
A distribution supply chain (Figure 1 ) is selected in this case study to illustrate the proposed multiagent simulation model. The key issue of the case study is how different levels of information sharing impact supply chain, as well as individual firm, dynamic performance. Demand and inventory information are considered for sharing along the supply chain. Four sharing modes, which indicate the extent of sharing information, are identified (Lau et al., 2002) . The first mode (BC) describes traditional information flow in supply chain. Order is the only information flow among firms. In the second mode (RD) retailer shares its demand (from consumer) and inventory information to its distributor who then uses the information to improve its ordering decision. The third mode (DM) specifies that distributor shares its demand (from retailer) and inventory information to manufacturer who then uses the information to plan production order. Finally the forth mode (RDM) is the combination of RD and DM modes. Manufacturer has information of market demand and inventory of retailer and distributor. RDM represents full information sharing along the distribution channel. In this case study different sharing modes are applied on one distribution channel (i.e. R1 and D1) while BC mode is maintained on the other channel (i.e. R2 and D2). Such asymmetric information sharing is difficult to investigate by using analytical approach. The manufacturer (M) operates in make-to-order basis and has limited production capacity. Average operating cost per time period is selected as dynamic performance measure. The following assumptions hold in this case study:
• Retailer's demand is under normal distribution.
• Production and transportation setup time do not exist.
• Production lead time is deterministic.
• Transportation lead time follow normal distribution.
• Unfulfilled order is backlogged in retailers and distributors.
• Supply of material for production is unlimited.
• Holding cost of material in manufacturing site is negligible.
• Production capacity level is constant. The impact of sharing mode on average cost of supply chain, retailer, distributor and manufacturer are shown in Figure 6 and Figure 7 respectively. Table 1 shows the ANOVA results based on the outputs of simulation. RD and RDM mode are most beneficial to the whole supply chain. It is obvious that information sharing has significant effect (i.e. F-Value>4.38) on distributor (D1), who shares information, and manufacturer. However, for R1, R2 and D2, we cannot claim that sharing information impact their cost performance. In RD mode ordering cost and holding cost of distributor are reduced as the forecast of future market demand is more accurate. However distributor's cost increases sharply in DM mode. As manufacturer determines the production quantity which is more than distributor's need, distributor holds more inventory in this mode. In RDM mode, as the manufacturer directly response to the market, the buffer stock needed in distributor is lower.
Retailer (R1) seems to gain little from sharing information. This indicates that some incentive is needed to motivate retailer to share information. On the other hand manufacturer can reduce it cost in RD, DM and RDM mode. The reason is that average order size of distributor is higher under these sharing modes. This reduces the production cost of manufacturer. Another observation from the results is that the distribution channel (R2, D2) without information sharing seems to be unaffected by the information sharing in the other channel (R1, D1). This implies that, as information sharing is not costless (e.g. install information system, change of current operational procedures), firms (or channels) need not follow other firms (or channels) which implement information sharing.
Conclusion
In this paper a multi-agent modeling approach is proposed to address the issue of information sharing in a supply chain. A web-based system is developed to deploy the multi -agent simulation model in a real supply chain. From the case study we have found that sharing information may not benefit all firms in a supply chain. It should be noted that the conclusions drawn in this case study are limited to the scenario described in the simulation model. Further investigations are needed to identify the value of sharing information under different supply chain scenarios.
